Glutathione and its related enzymes play an integral role in cellular detoxification processes and 20 redox buffering. A genome wide transcriptome profiling was conducted through RNA 21 sequencing to investigate the dynamics of glutathione and related enzymes in sorghum bicolor 22 (L.) Moench in response to Macrophomina phaseolina (MP) infection. Compared to mock 23 inoculated control treatment, MP significantly upregulated the glutathione synthetase, glutamate 24 cysteine ligase (involved in glutathione biosynthesis), glutathione s-transferase (GST), 25
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provides the F-statistic P-values from the analysis of variance (ANOVA) for the 150 functional assays conducted in the current study. Although the treatment (M. phaseolina-and 151 mock-inoculated control) had a significant main effect on total, oxidized, and reduced 152 glutathione concentration and GPx activity at 4 DPI, treatment effect was genotype-specific for 153 said response variables at 7 and 10 DPI. Treatment did not have a significant main or simple 154 effect on the reduced to oxidized glutathione ratio and GR activity at 4 DPI. However, the 155 genotype by treatment interaction was significant on reduced to oxidized glutathione ratio and 156 GR activity at 7 and 10 DPI. The genotype-by-treatment interaction was significant on GST activity at all post inoculation stages. The genotype-by-treatment interaction was also significant for lesion length (P = 0.0089). Compared to control, M. phaseolina significantly increased the total (49%, P = 0.0011), oxidized 163 (50%, P = 0.0002), and reduced (48%, P = 0.0424) glutathione concentrations across genotypes 164 at 4 DPI (Figure 2 A, C, E). Although pathogen inoculation significantly reduced the total, 165 oxidized, and reduced glutathione concentration of Tx7000 (40%, P < 0.0001; 27.7%, P < 166 0.0001; 58.1%, P < 0.0001, respectively) and BTx3042 (43%, P < 0.0001; 12.7%, P = 0.0471; 167 81.6%, P < 0.0001, respectively) at 7 DPI, inoculation did not significantly affect those in two 168 resistant genotypes, SC599 and SC35 (Figure 2 B , D, F). Interestingly, compared to control, 169 pathogen inoculation significantly increased the total and oxidized glutathione concentration of 170 Tx7000 (161%, P < 0.0001; 234%, P < 0.0001, respectively) and BTx3042 (192%, P < 0.0001; 171 294%, P < 0.0001, respectively) at 10 DPI, although inoculation did not significantly affect the 172 total and oxidized glutathione concentration in SC599 and SC35 (Figure 2 B ). Pathogen 173 inoculation significantly decreased reduced glutathione concentration of Tx7000 (36.4%, P < 174 0.0001) while significantly increasing it in BTx3042 (44.6%, P < 0.0001) at 10 DPI (Figure 2 F) . 175 Inoculation did not significantly affect the reduced glutathione concentration of two resistant 176 genotypes (Figure 2 F) . Although pathogen inoculation significantly decreased the reduced to 177 oxidized glutathione ratio of Tx7000 (7 DPI: 41.4%, P < 0.0001; 10 DPI: 57.9%, P < 0.0001) 178 and BTx3042 (7 DPI: 79.2%, P < 0.0001; 10 DPI: 64.6%, P < 0.0001) at 7 and 10 DPI, oxygen (Foyer et al., 1994) and nitrogen (Airak et al., 2011) species. Therefore, enhanced 226 glutathione expression helps relaxing the strong oxidative stress encountered by Tx7000 due to 227 pathogen inoculation. Figure 6 depicts the proposed glutathione-mediated antioxidative 228 machinery of charcoal-rot-susceptible sorghum genotype, Tx7000 after M. phaseolina infection.
230
To understand the translational aspects of gene expression data in detail, we conducted all 231 functional experiments at three post-inoculation stages (4, 7, and 10 DPI). Functional assays 232 revealed significantly decreased total glutathione, GSSG, and GSH concentrations of two 233 susceptible genotypes at 7 DPI upon pathogen inoculation. Reduced GSH content has previously 234 been observed in tomato leaves infected with the necrotrophic fungus Botrytis cinerea (Kuzniak 235 and Sklodowska, 1999) and in Avena sativa leaves inoculated with Drechslera avenae and D. 236 siccans (Gonnen and Schlösser, 1993) . Decrease in GSH impedes the host antioxidant capacity 237 and can in turn promote host cell death that facilitates the spread of necrotrophic 238 phytopathogens. GSH is synthesized (de novo) from amino acids by the sequential action of g-239 glutamylcysteine synthetase (glutamate cysteine ligase) and glutathione synthetase (Alscher and 240 Hess, 1993) and the de-novo GSH synthesis is required for the elevation of GSH levels as an 241 adaptive response to oxidative stress (Nimse and Pal, 2015) . The transcriptional data of the 242 current study suggested the enhanced de novo GSH biosynthetic capacity in Tx7000 due to up-243 regulation of glutathione synthetase and glutamate cysteine ligase. However, confirming the up-244 regulated GST and GPx gene expression in pathogen-inoculated Tx7000 at 7 DPI, the functional 245 assays provided evidence for enhanced GST-specific activity and GPx activity in both 246 susceptible genotypes (Tx7000, BTx3042), leading to a net decline in GSH. Despite the 247 enhanced GPx activity, GSSG concentration of pathogen-inoculated susceptible genotypes at 7 DPI remained significantly lower mainly due to enhanced GR activity, which rapidly converts 249 GSSG in to GSH. Therefore, the primary cause behind the decreased amounts of reduced GSH in 250 the pathogen-inoculated susceptible genotypes appeared to be the enhanced GST-specific 251 activity.
253
In plants, glutathione S-conjugates are either sequestered in the vacuole (Coleman et al., 1997; 254 Wolf et al., 1996) or transferred to the apoplast, a process termed "storage excretion" 255 (Sandermann, 1992; Martinoia et al., 1993; Sandermann, 1994) . Therefore, GST activity results 256 in irreversible GSH depletion leading to decreased levels of GSH if not to de novo GSH 257 biosynthesis. Moreover, jasmonic acid is a potent expression stimulator for genes involved in 258 GSH biosynthesis and recycling, which could possibly lead to boosted GSH levels (Xiang and 259 Oliver, 1998). Our RNA-Seq data (not present here) showed that some key genes involved in 260 jasmonic acid biosynthetic pathway were strongly down-regulated in M. phaseolina inoculated 261 Tx7000 at 7 days post inoculation. Therefore, it seems plausible that down-regulated jasmonic 262 acid biosynthesis in charcoal-rot-susceptible sorghum genotypes after M. phaseolina inoculation 263 contributes to decreased GSH recycling, which may limit the availability of GSH.
265
Interestingly, the pathogen-inoculated susceptible genotypes had significantly increased total 266 glutathione and GSSG concentrations at 10 DPI. Enhanced GPx activity along with reduced GR 267 activity contributes to increased GSSG concentration of pathogen-inoculated susceptible 268 genotypes. Moreover, some GSTs can also function as GPx (Bartling et al., 1993; Cummins et 269 al., 1999) which contributes to increased GSSG concentration. As the GST-specific activity of 270 susceptible genotypes were significantly higher after pathogen inoculation, the observed increase in total glutathione of these genotypes becomes possible only when there is strongly enhanced 272 de-novo glutathione biosynthesis. This could contribute to the significantly higher GSH 273 concentration of BTx3042. However, the significantly decreased GSH concentration observed in 274 pathogen-inoculated Tx7000 at 10 DPI is possibly due to its greater rate of GSH utilization 275 (demonstrated by increased GST and GPx activities) than the de novo glutathione synthesis and 276 recycling.
278
It has been suggested that the GSH/GSSG ratio is indicative of the cellular oxidative status and 279 redox balance (Droge, 2002; Foyer and Noctor, 2003) . Under strong oxidative stress, GSH is 280 rapidly converted into GSSG, which results in a lower GSH/GSSG ratio. The lower GSH/GSSG 281 ratios observed in susceptible genotypes after M. phaseolina inoculation at 7 and 10 DPI further 282 confirmed the strong oxidative stress experienced by these genotypes under M. phaseolina 283 inoculation.
285
In maize, inappropriate accumulation of anthocyanins in cytoplasm causes localized necrosis, 286 poor vigor, or even death of plants. Certain GSTs like BZ-2 has been identified to catalyze the 287 formation of anthocyanin-GSH conjugates, which allows transport into vacuoles thus reducing 288 the cytotoxic effects of higher anthocyanin concentrations (Marrs et al., 1995) . The charcoal-rot-289 susceptible sorghum genotypes tested in this study accumulated comparatively greater amounts 290 of anthocyanins than resistant genotypes, which is manifested as longer pigmented lesions within 291 split stems. In fact, the length of this lesion is used as a measure of charcoal rot resistance. Elevated GSH biosynthetic capacity has been shown to ironically cause increased oxidative 303 stress in transgenic tobacco plants (Creissen et al., 1999) . If this is the case with sorghum after 304 M. phaseolina infection, enhanced GSH could escalate charcoal rot susceptibility. Necrotrophic 305 pathogens such as M. phaseolina benefited from oxidative stress-mediated host cell death.
306
However, the reduced disease severity observed in two susceptible genotypes after exogenous factor combination. The design structure was completely randomized (CRD). One charcoal rot 341 resistant (SC599) and one susceptible (Tx7000) sorghum genotypes were used. Seeds were 342 treated with the fungicide Captan (N-trychloromethyl thio-4-cyclohexane-1,2 dicarboxamide). Approximately 1 g of stalk tissues (1 cm above the symptomatic region) was ground in liquid 362 nitrogen using a mortar and pestle and resulted tissue powder was used for RNA extraction. In the current study, the total glutathione concentration (reduced + oxidized) was determined 430 following the protocol described by the manufacturer with some modifications. Briefly, 10μL of 
